Abstract: The purpose of the present article is to provide a perspective for a network model for glassy polymers and computational predictions of mechanical behavior related to plastic instabilities, such as neck and shear band formation, and their propagation. The constitutive equations developed using the molecular chain network theory are discussed. The computational strategy for the simulation, and neck and shear band propagations in plane strain and under 3D conditions with and without thermomechanically coupled conditions are presented with illustrative examples.
INTRODUCTION
The deformation behavior of polymeric materials under tension is very different from that of metallic materials [1] . Necking instability develops in a specimen and subsequently propagates along the tensile direction under essentially steady-state conditions [1, 2] . This characteristic feature of polymeric material is widely used in the fabrication of thin lms and bers [3] . The characteristic hardening observed in the necking region is generally caused by the alignment of molecular chains, which were randomly oriented in the undeformed state, and is responsible for the development of the neck and its propagation [4] [5] [6] [7] . Recently, intensive research has been conducted to develop a suitable model that can be used to predict the response of polymeric materials.
The development of constitutive models that account for the microstructure of the molecular chains of the glassy polymers originated with James and Guth's model [8] . However, it took almost forty years to develop a general three-dimensional constitutive model for polymeric materials based on the three-chain model [9] with the generalized Argon double-kink model [10] . Subsequently, generalized three-dimensional constitutive equations have been developed based on the eight-chain model [11] and the full network model [12] . In these models, as shown in Fig. 1 , polymeric material is approximated by a molecular chain network system and a single chain, which consists of several segments containing monomers, is defined by the two cross-links which are assumed to be physically entangled points of molecular chains. These are also based on the affine network theory, in which the number of entangled points of the molecular chains is assumed to remain constant during deformation. It has been clarified that the deformation behavior under compression and tension is predicted well using the affine model, whereas, the shear strength is likely to be overestimated [12] . This is partially attributable to the change in number of entangled points due to the difference in the development of internal microstructures, depending on the local deformation. Indeed, results of experimental investigations implicitly suggest the possibility of a change in configuration of the entangled points due to deformation and a change in temperature [13, 14] , which causes a change in the rigidity of the polymeric materials. Tomita and coworkers [15] [16] [17] [18] proposed the nonaffine model based on the molecular chain network theory, in which a change in the number of entangled points was taken into consideration.
The constitutive equations thus developed were employed to analyse mechanical and optical properties of rubber [12] , torsion in glassy polymer bars [19] , and shear band propagation in plane strain blocks [17, 18, 20, 21] and in three-dimensional blocks with grips [17, 18, 20] . Furthermore, void growth in glassy polymers [22] , neck propagation of plane strain blocks without prestrain [23, 24] and with prestrain [24] , and of three-dimensional blocks [25] have been studied. The hybrid identification of the constitutive equation based on three-dimensional computational simulation and precise experiment [25] has been proposed.
In this paper, the constitutive equations developed based on the molecular chain network theory are summarized and a computational scheme for the prediction of instability propagation behaviors is discussed. Subsequently, the computational prediction of the deformation behavior in polymeric materials is reviewed with illustrative examples.
GOVERNING EQUATIONS
In this section, the governing equations for an elastoplastic boundary value problem are given within the context of large-strain theory. An updated Lagrangian formulation of the field and constitutive equation are employed. Consider an equilibrium state for a body with volume V and surface S subjected to a constraint velocity on Sv and given traction on St. Each particle is labeled by a set of curvilinear coordinates xi which are embedded in the body in the current state and serve as independent variables. In the deformed body the covariant components of the metric tensor are denoted by Gij. The weak form of the equation governing the rates of stress and traction yields the virtual work principle [26, 27] (1) 
CONSTITUTIVE EQUATIONS
The microstructure of a glassy polymer is assumed to consist of long molecular chains which are randomly distributed in space. Side groups protrude from the backbone chains at various locations and, in conjunction with overall chain trajectory, can act as nodes, or points of physical entanglement [12] . This results in a structure similar to network as in rubber, but with the chemical crosslinks replaced by physical entanglements. According the theory of Harward and Thackray [30] , the glassy polymer must overcome two physically distinct sources of resistance before largestrain inelastic flow may occur. Below the glass transition temperature, prior to the initial yield, the material must be stressed to exceed its intermolecular resistance to segment rotation. Once the material is free to flow, molecular alignment occurs and results in an anisotropic internal resistance to further inelastic deformation, which is referred to as orientation hardening.
Intermolecular Resistance
The intermolecular resistance to plastic flow is considered to come from the impedance imposed by neighboring chains on the ability of a chain segment to rotate. Based on the assumption that plastic flow occurs due to double kinking of molecular chains, Argon [10] al. [9] extended this expression to include the effect of pressure [31, 32] . They used s+ap instead of so, where s is the shear strength which changes with the plastic strain from so to a stable value sss, p is the pressure and a is a pressure-dependent coefficient. Since s depends on the temperature and the strain rate, the evolution equation of s can be expressed as where h is the rate of resistance with respect to plastic strain. Further generalization of Eq. (4) to include aging [33, 34] was given by Boyce et al. [9] .
3.2. Orientation Hardening 3.2.1. Affine model When a polymeric material experiences a stress that exceeds its intermolecular resistance, molecular chains alignment occurs. This alignment generates back-stress. The initial structure of the molecular chain network is assumed to be isotropic. After yielding, the molecular chains are stretched and tend to align along the principal direction of plastic stretch [10, 30] , which reduces the configuration entropy of the molecular chain network system and therefore increases the internal resistance for further deformation. This internal resistance can be expressed as a back-stress [30] by using the molecular chain network theory developed for rubber elasticity which can be traced back to James and Guth [8] and a comprehensive discussion related subject was given by Treloar [4] . The principal components of the back-stress is taken to be coaxial with the left plastic stretch tensor. The three-chain model as shown in Fig. 2(a) was originally suggested by James and Guth [8] and assumes that a network containing chains per unit volume is equivalent to three independent sets of n/3 chains per unit volume parallel to the left plastic stretch tensor [9] . Similarly, Flory and Rehner [35] , and Treloar [36] proposed the four-chain model ( Fig. 2(b) ). Subsequently, Arruda and Boyce [11, 37] proposed a eightchain model (Fig. 2(c) ), which contains a set of eight chains connecting the central junction points and each of the eight corners of the unit cube. Thus, in these models, the actual spatial distribution of chains is approximately represented by a set of chains. On the other hand, Wu and Van der Giessen [12, 38] paid their attention to Treloar and Riding's [39] full network model which accounts for the actual spatial distribution of chain orientation. They extended Treloar and Riding's work to a general formulation valid for three-dimensional deformation processes. However, integrations involved in the expression of back-stress due to full network model require a time consuming numerical procedure that an approximate model with linear combination of back stresses estimated by three-and eight-chain models, was also proposed [38] . Among these models, the eight-chain model has been widely used to predict the characteristic features of deformation behavior of glassy polymers. The corresponding principal components of the back-stress tensor are (5) [18] . It has also been confirmed that a minor change in the magnitude of r8 may not alter the simulation results. By using the above-mentioned procedure, the identification of material parameter c in Eq. (7) under isothermal conditions has been achieved and it has been clarified that c= 0.33 provides a reasonable reproduction of the experimental results obtained by G'Sell and Gopetz [49] . On the other hand, material parameter d in Eq. (7) was determined such that stress-strain relations for different environmental temperatures for deformation under a low strain rate where the effect of irreversible work does not affect the temperature field, agrees with the experimental results [50] . Thus the concrete value of parameter d is d=214.
Parameters c, d and other previously defined material parameters provide the complete set of material parameters. Although they do not necessarily correspond to the set of material parameters for a specific material, they reproduce well the characteristic feature of PC; their values are expected to be appropriate for investigating the deformation behavior of PC and will be employed in the computational simulation. Fig. 4(a) the stress is approximately constant. The maximum-strain-rate region in the plane with x1=0 precedes that of the plane with x1=Ho in the undeformed state. This is partially attributable to the constraint of the deformation in the width direction. A similar neck propagation behavior observed in the plane with x1=0 can be seen in the results reported by Wu and Van der Giessen [23] for plane strain blocks obeying the constitutive equation derived by the affine model. The representative strain distributions confirm the three-dimensionality of the strain distribution, which indicates the difficulty of determining material parameters through simple experimentation alone. The computational simulation of the shear deformation behavior by employing the proposed constitutive equation under the isothermal condition was performed. Figure 5(b) indicates the three-dimensional computational models of specimens employed in experiments [49] . Quadratic solid elements with twenty nodes and eight Gaussian integration points were employed. To compare the simulation results to experimental results of G'Sell and Gopez [49] 
Thermomechanically Coupled Neck and Shear Band Propagation Behavior under Plane
Strain Conditions [41] In order to clarify the thermomechanically coupled deformation behavior, tension and shearing of the blocks shown in Fig. 3(a) and Fig. 5(a) deformed under the plane strain condition have been simulated using the same material parameters as in Fig. 2 Except the case of U=104, the average stress attains the maximum and subsequently drops to the local minimum with necking, and almost steady-state deformation that preserves the constant applied force arises. For the case of U=1, virtually isothermal conditions are achieved, as observed in Fig. 7(b) , and the maximum stretch approaches the locking stretch in the early stage of deformation so that the average stress starts to increase again in the later stage of deformation. For the case of U=102, the additional increase in locking stretch is caused by the dissociation of entangled points due to a temperature rise, as shown in Fig. 7(b) , so that the steady-state region lasts longer. However, a softening caused by surplus dissociation of entangled points results in necking without propagation, as in the case of U=104. The corre-(a) sponding neck profile is seen in Fig. 7(b) , from which we can see that with the increase of the end velocity, the larger and more localized the neck. In the case of the high strain rate U=104, both temperature and distortion contribute to the reduction of the number of entangled points, i.e., softening, at the same part of the specimen, as can be seen in Fig. 7(b Subsequently, these high-strain areas connect and form the shear band.
Upon increasing the shear strain, the shear band extends its width. Under this deformation condition, the temperature change is not marked, so that softening is caused solely by the distortion.
On increasing the average rate of defor-mation to 102, shear band patterns as observed with U=1, can be seen; however, the extension of the shear band in the x2 direction is not significant, which can be partly attributable to the additional softening due to the dissociation of entangled points caused by temperature increase, as shown in Fig. 8(c) , due to the deformation. The shear deformation is absorbed in the narrow shear band region so that the distortion and temperature rise become predominant, which causes the increase in the locking stretch and the delay of starting the subsequent hardening, as observed in Fig. 8(a) 
